• Salinity variations within melt ponds on sea-ice result in different thermal evolution and 25 heat transfer to the ice below 26
• Turbulent thermal convection drives heat transfer in freshwater ponds, while conduction is 27 more significant in salt-stratified ponds 28
• Predicted differences in heat flux are of the order of several W m −2 , which is of potential 29 climatological significance for sea-ice evolution 30 31
Introduction 42
One of the most dramatic winter-to-summer transformations of Arctic sea-ice is the formation and 43 progression of melt ponds on the ice surface. Melt ponds, which can cover a significant fraction of 44 the ice surface in summer (Fetterer & Untersteiner, 1998 
, 2014). 51
A simple treatment of ponds in sea-ice models parameterizes the albedo as a function of the mean 52 depth, available water, and areal fraction of ponds (Ebert & Curry, 1993 ) assuming uniform pond 53 temperature. Thus, melt ponds only affect the surface albedo in the energy flux balance. Taylor  54 and Feltham (2004; hereafter TF04) included a radiative transfer model for shortwave radiance in 55 the pond-ice system, and potentially turbulent heat fluxes in the pond interior (internal heating by 56 the absorption of shortwave radiation can lead to convective instability inside a freshwater pond). 57
In TF04, weak buoyancy forcing results in sensible heat fluxes through the pond from conduction, 58 while strong buoyancy forcing is described through a scaling law for turbulent convective 59 boundary layers at the top and bottom of the pond. These parameterizations may provide a better 60 treatment of the surface energy flux balance in climate models. However, their treatment of the 61 thermal characteristics of the pond interior have not been validated against in situ observations. 62
Particularly, melt ponds occur in a range of salinities, 0-29 ppt (Perovich et al., 2009; Lee et al., 63 2011), which may affect the stratification of the ponds and the consequent surface energy balance. 64
This study investigated whether the salinity of ponds modifies their thermal evolution, with 65 subsequent impacts on net heat fluxes. We describe in situ measurements (section 2) of shortwave 66 radiation and vertical temperature profiles within two adjacent ponds of differing salinity, over 3 67 weeks in August 2015. The evolving temperature profiles are compared to numerical simulations 68 of fluid flow and heat transfer in a model pond (section 3). This comparison is consistent with a 69 radiative-convective balance in a relatively fresh pond, and a radiative-conductive balance in a 70 Sea (Figure 1a ). The chosen floe was located well away from the ice edge, contained numerous 77 melt ponds, and comprised of both first-year ice (FYI) and multi-year ice (MYI); (Figure 1b ). An 78 ice mass balance buoy with radiometers (IMB-R) was installed in one relatively fresh pond of 2.3 79 g kg −1 bottom salinity and 1.1 g kg −1 near-surface salinity (measured by salinometer YSI Model 80 30, Accuracy of ±2 %). We refer to this as a freshwater pond hereafter. Another IMB-R was 81 deployed in a separate more saline pond of 20 g kg −1 bottom salinity and 14 g kg −1 near-surface 82 salinity (Figures 1c-d ). This IMB-R updates the system described by Jackson et al. (2013) with 83 0.0078 K resolution thermistors (ADT7320, Analog Devices). The IMB-Rs were equipped with 84 shortwave radiometers: two in air (SP-230, Apogee) and one below the ice (SP-110). Among the 85 hourly measurements, incident downward shortwave fluxes are presented here. In addition, 86
webcam photographs taken every 6 hours document the evolution of the pond and weather. 87
Thermistor chains were suspended vertically from a wire extended across the pond (Figure 1d ), 88 down through a 5-cm wide borehole drilled through the ice beneath the pond. The ponds showed 89 no detectable drainage through the hole, indicating that they were at sea level. Hourly vertical 90 temperature profiles were measured at 2 cm intervals through the air above, the pond, the 91 underlying borehole, and into the ocean below. Our analysis focuses on the water temperature in 92 the pond interior. 93
Upon deployment (August 12), the freshwater pond was 23 cm deep at the deployment point, with 94 light-blue color and a thin layer of ice on the surface (Figures 1b-c) . The surface ice cover around 95 the IMB-R was broken and removed during deployment. The saline pond was 22 cm deep at the 96 deployment point, with dark-blue color and no surface ice (Figures 1b-c) . The ice thickness below 97 the freshwater pond was 219 cm, and 100 cm under the saline pond. This suggests that the 98 freshwater pond was formed on thicker MYI, with the saline pond on thinner FYI. The difference 99 in ice thickness affected the pond bottom albedo; the albedo of the saline pond (on thinner ice) was 100 much lower than that of the freshwater pond. Temperature profiles were measured until a polar 101
Accepted to Geophysical Research Letters 4 bear damaged the IMB-R in the freshwater pond. We therefore focus on the common observation 102 period from August 13 to 29. 103
Meteorological conditions 104
The air temperature above the ponds was calculated by averaging the top 10 thermistors in air 105 (Figure 2a ). The two IMBs recorded almost identical variations in air temperature, which is to be 106 expected given their short separation (~70 m; Figure 1b) . 107
We identify three main periods P1-P3 reflecting different meteorological conditions based on the 108 air temperatures, incident shortwave radiative fluxes (Figures 2a-b) , and webcam photographs 109 (supporting Figure S1 , Movie S1). These are: 110
• P1 (August 14-19): Air temperature hovered around freezing during an overcast period. 111
There was a weak diurnal cycle in pond temperature, which was slightly enhanced on 112
August 16-17 due to nighttime reduction of cloud cover. 113 The incident shortwave fluxes show similar temporal variation for both ponds during cloudy 120 conditions (P1, P3 in Figure 2b ), but diverge during P2 when the ponds receive high insolation. 121
The photographs suggest that the radiometer in the saline pond tilted over several days ( Figure S1 , 122 Movie S1), which likely explains the bias in fluxes on days with clear sky and strong incident solar 123 radiance. Thus, the upright sensor at the freshwater pond provides the better measure of varying 124 incident shortwave radiation. 125
Pond water temperature 126
The changing meteorological forcing drives thermal variability, with significant differences 127 between the ponds (Figure 2c 
Model configuration 166
To build insight into the physical mechanisms controlling the observed pond temperatures, we 167 calculate sensible and radiative heat transfer through the interior of modeled ponds of differing 168 salinity. Model details are described in the supporting §S2, with key features summarized here. 169 We focus on the period before surface freezing, and model temperature T in a shallow pond of 170 uniform depth H and wide extent in a horizontally-periodic domain. The absorption of shortwave 171 radiation leads to internal heating Q(z) that depends on height z above the pond base (Figure 3a ), 172 approximated using the two-stream radiation model described in Skyllingstad 
where k is the thermal conductivity of water, F0 is the net flux at temperature T = Tm (positive 179 upward) and the constant characterizes the sensitivity of net outgoing fluxes to . To 180 characterize the relative effects of the surface heat loss versus interior heating we define the ratio 181 = / , where is the flux due to depth-integrated radiative absorption. although August 2015 had slightly lower winds ( Figure S3 ). We therefore focus on conditions with 211 low winds, neglecting wind stress. 212
The available observational data do not fully constrain the model forcing, preventing an exact 213
comparison. Hence we instead explore the sensitivity of pond temperature to absorption of 214 incoming shortwave fluxes and outgoing baseline surface fluxes F0 in illustrative case 215 studies of different dynamical regimes. While diurnal variations are relevant in general, we build 216 initial insight by focusing on statistically steady states. As illustrated in supporting §S2, convective 217 ponds adjust on a convective timescale of order 100 s that is fast compared to a diurnal period, and 218 so we expect to observe a quasi-steady state for given forcing. For stably stratified ponds the 219 higher-order corrections for diurnally-forced diffusion superimpose vertical propagation of the 220 heating pulse onto the quasi-steady state ( Figure S5 ). 221
Model results 222
For ponds without salt stratification, the internal heating drives convection within the pond, with 223 contrasts between freshwater and saline ponds (Figures 3d-f Interestingly, the saline pond shows different thermal variation (Figures 3f-g ) compared to the 244 freshwater pond. A leading-order difference arises because the lower ice boundary is at the 245 salinity-dependent melting point (−1.1 °C at 20 g kg −1 salinity). Internal heating causes 246 temperature variation relative to this baseline. For a pond of uniform 20 g kg −1 salinity, the 247 illustrated heating rate produces similar convective dynamics to the freshwater pond. However, 248 for larger heating the temperature range crosses the density maximum in Figure 3c , and generates 249 convection from the top down (Movie S3). 250
The average temperature profile for convection in a uniform-salinity pond (solid line in Figure 3g ) 251 has similar vertical structure to the freshwater pond, and is not qualitatively consistent with the 252 observed strong thermal gradient in the saline pond during the warm cloudy period P1 (Figure 2d ). 253
We contrast with ponds with a strong stabilizing salt stratification and sensible heat transfer 254 dominated by conduction (dashed lines in Figure 3g for three values of f). For sufficiently weak 255 net surface fluxes (e.g., f = 0.25) the profiles have strong interior thermal gradient with a shallow 256 cool surface boundary layer. This echoes the observed strong temperature gradients seen in the 257 saline pond during the warm cloudy period P1 (Figure 2d ), where significant downwelling 258 longwave fluxes likely lead to a small value of f. For larger f, a greater fraction of heat is lost from 259 
(see supporting §S2a). 283
The flux difference between freshwater and saline ponds is of particular interest. We estimate 284 differences in outgoing fluxes (∆ ) over a 7-day period before continuous surface freezing, using 285
(1) and the observed Ts (see supporting §S3). Note that this difference depends on the impact of 286 sensible heat fluxes on , which is underconstrained by the observations. Accounting for longwave 287 emissions alone yields a time-averaged difference ∆ = 2.2±0. Indeed, the TF04 parameterization of convective heat transfer predicts Ts = 0 °C when f = 0.5, as 318 a result of the assumed symmetry of convective dynamics between the upper and lower boundary 319 layers, while our simulations predict non-zero Ts. Our results illustrate the importance of accurately 320 accounting for pond salinity and internally heated convection in the next generation of melt-pond 321 parameterizations, to reduce the uncertainty associated with sea-ice projections. 322
Our estimates come with the caveat that they are based on a moderate observational duration in 323 late summer. While similar physical processes operate throughout the pond season, the strength of 324 environmental forcing varies. In particular, the spectral composition of shortwave fluxes impacts 325 depth-dependent heat absorption, pond depth and salinity vary, and changing meteorological 326 conditions impact surface fluxes. It also remains a curiosity that the observed thermal structure 327 could be recreated in the absence of wind-driven mixing, which acts to homogenize pond 328 temperature (SP07). Pond surfaces have short fetch and low elevation, and we speculate that they 329 may experience lower stress than the surrounding ice. Investigating these and other factors presents 330 interesting avenues for future work. 331 332
Conclusions 333
We have observed significant thermal variability in melt ponds on Arctic sea-ice in late summer, 334 with a diurnal cycle and variation between days with cloudy or clear skies. Thermal variation is 335 reduced after a surface ice lid forms and is covered by reflective snow. Temperature profiles also 336 differ between relatively fresh and saline ponds on the same ice floe, despite similar depth and 337 insolation, yielding a larger pond-ice heat flux under the saline pond. The comparison to model 338 simulations is consistent with a radiative-convective balance operating in freshwater ponds, and a 339 radiative-conductive balance in ponds with strong salt-stratification. 340
The resulting variations of pond surface temperature Ts perturb the pond energy budget 341 significantly compared to the flux needed to thin the ice cover by 1 meter per decade. Hence the 342 internal redistribution and emission of heat from a melt pond augments the usual ice-albedo 343 feedback, and is of potential climatological significance. This feedback from internal heat transfer 344
is not fully accounted for in typical parameterizations of melt pond processes. 
